Bio-based polyols from epoxidized soybean oil and castor oil fatty acid were developed using an environmentally friendly, solvent-free/catalyst-free method. The effects of the molar ratios of the carboxyl to the epoxy groups, reaction time, and reaction temperature on the polyols' structures were systematically studied. Subsequently, polyurethane films were prepared from these green polyols. Properties of the new, soy-castor oil based polyurethane films were compared with two other polyurethane films prepared from castor oil and methoxylated soybean oil polyol, respectively. Thermal and mechanical tests showed that the polyurethane films prepared from the new polyols exhibited higher glass transition temperatures, tensile strength, Young's modulus, and thermal stability because of the higher degree of cross-linking in the new polyols. Moreover, the novel polyols, prepared using the solvent-free and catalyst-free synthetic route, were 100% bio-based and facilitate a more environmentally friendly and economical process than conventional soy-based polyols used for polyurethane production.
Introduction
Environmental concerns and the increasing price of crude oil have triggered great interest in the development of materials based on renewable resources, such as cellulose, starch, natural oils, and sugars. Vegetable oils are among the most promising options; they offer excellent properties, including ready availability, inherent sustainability, and relatively low cost.
1,2 Vegetable oils are triglycerides, formed from glycerol and three fatty acids. The most common fatty acids are:
• Saturated: palmitic (C16 : 0) ‡ and stearic (C18 : 0), • Unsaturated: oleic (C18 : 1), linoleic (C18 : 2), and linolenic (C18 : 3).
Some fatty acids have specific functional groups, such as hydroxyl-containing ricinoleic acid (C18 : 1 OH). In all vegetable oils the general reactive sites are esters and carbon-carbon double bonds, which can be modified to give a variety of monomers. 3 Polyurethanes (PUs) are an important class of polymers and exhibit an exceptionally versatile range of properties and applications. In order to meet specific requirements, their structures can be tailored by selecting appropriate polyols and polyisocyanates. In industry, only a few polyisocyanates are commonly used, while a variety of polyols are available. Therefore, the choice of polyol typically determines the properties of the created polyurethane. 4 In addition to petroleum-based polyols, vegetable oils, such as soybean oil, 5 canola oil, 6, 7 palm oil, 8, 9 sunflower oil, corn oil and linseed oil, [10] [11] [12] have been extensively studied as bases for various polyols used for the manufacture of PUs with high thermal stability and mechanical properties. However, almost all these vegetable oil-based polyols were prepared using large amounts of solvents, which increases both process cost and environmental burden.
Soybean oil and castor oil are two important vegetable oils offering a wide range of advantages. Currently, the US is the top producer of soybean oil in the world. 3 Soybean oil contains a high number of double bonds, opening a variety of potential modification routes. Epoxidation and subsequent oxirane ring opening is a common method to prepare polyols from soybean oil using alcohols, inorganic acids, and hydrogenation for ring opening. For example, Petrovic et al. developed PUs ranging widely from soft and rubbery to hard and glassy using HX (X = -Br, -Cl, -CH 3 O, -H) to open the epoxide rings in the oils. 13, 14 Wang prepared a series of polyols from epoxidized soybean oil (ESBO) using 1, 2-ethanediol and 1, 2-propanediol to open the epoxidized rings; they studied the effect of the OH numbers in these polyols on thermal and mechanical properties of the final cast PUs. 15 Organic acids were also utilized as ring opening agents. Pan reported the use of acetic acid, propionic acid, and 2-ethylhexanoic acid to initiate epoxide ring-opening reactions in epoxidized sucrose esters of soybean oil to prepare PUs. 16 However, almost all polyols were prepared by ring-opening of epoxidized vegetable oils with petroleum-based small molecules. Castor oil, on the other hand, naturally contains hydroxyl groups (approximately 2.7 per triglyceride) and has therefore been employed extensively in polyurethane manufacturing. [17] [18] [19] [20] In this paper, castor oil-based fatty acid (COFA) was used to facilitate ring-opening of ESBO using a green, solvent-free/catalyst-free pathway. The polyol obtained had a higher cross-linking density than the polyols prepared from epoxide ring-opening using small molecules, resulting in better thermal and mechanical properties of the final polyurethane films. The effects of the molar ratio of the carboxyl to the epoxy groups, reaction time, and reaction temperature on the final polyols' structure and functionalities were investigated. Proton nuclear magnetic resonance ( 1 H NMR), Fourier transform infrared spectroscopy (FTIR), gel permeation chromatography (GPC), and rheometry were used to characterize the polyols. In addition, the thermal/mechanical properties of PUs prepared from the newly developed polyols, castor oil, and methoxylated soybean oil polyol (MSOL) were compared.
Materials and methods
Completely epoxidized soybean oil with approximately 4.5 oxirane rings per triglyceride was purchased from Scientific Polymer Inc., New York, NY. Magnesium sulfate (MgSO 4 ) and methyl ethyl ketone (MEK) were purchased from Fisher Scientific Company (Fair Lawn, NJ). Castor oil, hydrochloric acid, sodium hydroxide, isophorone diisocyanate (IPDI), and dibutyltin dilaurate (DBTDL) were obtained from Sigma-Aldrich (Milwaukee, WI). All materials were used as received without further purification.
Saponification of castor oil
Castor oil was saponified into fatty acid by heating with sodium hydroxide solution at 80 °C. Then, hydrochloric acid was added to neutralize the solution at 80 °C. Finally, the organic layer was purified by washing with water, drying over MgSO 4 and filtering, resulting in clear, light yellow castor oil fatty acids. While most of the fatty acid in castor oil is ricinoleic acid (87.7-90.4%), 20 there are some other acids such as linolenic, linoleic, oleic acid.
Preparation of polyols based on ESBO and COFA
The soy-castor oil based polyols (SCP) were prepared by ring opening reactions between ESBO and COFA. Initially, COFA and ESBO were mixed in a flask with a magnetic stirrer and maintained at 130-170 °C in dry nitrogen atmosphere. After several hours, a light reddish/yellow, viscous liquid was obtained. Scheme 1 shows the preparation of representative green polyols.
Scheme 1 Preparation of representative green polyols.

Preparation of polyurethanes using polyols
The polyurethanes were obtained through the reaction of polyol with a 5% molar excess of IPDI using MEK as a solvent. The components were heated to 70 °C and mixed continuously for 3 hours. Then, the mixture was poured into a glass mold to produce 100 × 50 mm (length × width) sheets, which were dried overnight in an oven at 80 °C. Finally, the PU films were cut into specific dimensions for thermo-mechanical testing. Scheme 2 shows the preparation of representative polyurethanes from green polyols.
Scheme 2 Preparation of representative polyurethanes from green polyols.
Characterization
A Varian spectrometer (Palo Alto, CA) at 300 MHz was used to record the 1 H NMR spectroscopic analysis of the monomers and final products. All measurements were made using CDCl 3 as the solvent. The FTIR spectra of monomers and polyols were recorded on a Nicolet 460 FTIR spectrometer (Madison, WI). Rheological experiments were conducted with an AR2000ex stress-controlled rheometer (TA Instruments) with parallel plate geometry at room temperature. The OH of the polyols were determined using the Unilever method. 21 The acid number of the polyols were determined by AOCS Official Method Te 1a-64. The molecular weight was determined using a THF-eluted GPC equipped with a refractive index detector. The HPLC system used was a Thermo Scientific Dionex Ultimate 3000 (Sunnyvale, CA) equipped with a Shodex Refractive Index (RI). The eluent used was tetrahydrofuran with two Agilent PLgel 3 μm 100 Å 300 × 7.5 mm (p/n PL1110-6320) and one Mesopore 300 × 7.5 mm (p/n PL1113-6325). The column flow rate and temperature was 1.0 mL min −1 at 25 °C.
Dynamic mechanical analysis (DMA) of the PU films was performed using a TA Instruments DMA Q800 dynamic mechanical analyzer with a film-tension mode of 1 Hz. Rectangular specimens of 0.6 mm × 10 mm (thickness × width) were used for the analysis. The samples were cooled and held isothermally for 3 min at −40 °C before the temperature was increased to 120 °C at a rate of 5 °C min −1 . The glass transition temperatures (T g s) of the samples were obtained from the peaks of the tan δ curves.
Differential scanning calorimetry (DSC) was performed on a thermal analyzer (TA Instrument Q2000). The samples were heated from room temperature to 90 °C at a heating rate of 20 °C min −1 to erase their thermal history, equilibrated at −90 °C and then heated to 90 °C at a heating rate of 20 °C min −1 . T g s of the samples were determined from the midpoint temperature in the heat capacity change of the second DSC scan. Samples of 5 mg were cut from the films and used for analysis.
Thermogravimetric analysis (TGA) of the films was carried out on a TA Instrument Q50 (New Castle, DE). The samples were heated from room temperature to 650 °C at a heating rate of 20 °C min −1 in nitrogen. Generally, 10 mg samples were used for the TGA.
The tensile properties of the PU films were determined using an Instron universal testing machine (model 4502) with a crosshead speed of 100 mm min −1 . Rectangular specimens of 50 mm × 10 mm (length × width) were used. Average values of at least four replicates of each sample were taken. The toughness of the polymer was obtained from the area under the corresponding tensile stress-strain curves.
Results and discussion
Preparation and properties of soy-castor-based polyol
To investigate the effects of reaction temperature, reaction time, and stoichiometry on the structures of the final polyols used in this research, four time variables (0 h, 2 h, 6 h, 8 h), four temperature variables (110 °C, 130 °C, 150 °C, 170 °C), and four ratio variables (mole ratios of carboxyl to epoxy group, 0.3 : 1, 0.5 : 1, 0.7 : 1, 0.9 : 1) were studied. For polyols prepared for different reaction times, a reaction temperature of 170 °C and mole ratios of carboxyl to epoxy group of 0.5 : 1 were used (these samples were identified as SCP_0h, SCP_2h, SCP_6h, SCP_8h). As shown in Fig. 1(a) , the epoxy groups in ESBO were totally ring opened in reaction time of 8 h. Therefore, a reaction time of 8 h and mole ratios of carboxyl to epoxy group of 0.5 : 1 were used (these samples were identified as SCP_110 °C, SCP_130 °C, SCP_150 °C, SCP_170 °C) to optimize the reaction temperature. Also, as shown in ESI † (Fig. 1) , the epoxy groups in ESBO were totally ring opened in reaction time of 8 h with a reaction temperature of 170 °C. Finally, for polyols prepared with different stoichiometries, a reaction time of 8 h and a reaction temperature of 170 °C were used (these samples were identified as SCP_0.3, SCP_0.5, SCP_0.7, SCP_0.9). More details are provided in the ESI. † Fig. 1 1 H-NMR spectra of SCP for different reaction times (a) and with different ratios of carboxyl to epoxy groups (b).
The 1 H-NMR spectra of polyols for different reaction times and with different ratios of carboxyl to epoxy groups are shown in Fig. 1 . With increasing reaction times as shown in Fig. 1(a) , the peaks between 2.8 and 3.2 ppm, corresponding to the epoxy groups, 22 decreased. At the same time, new peaks were seen between 4.6 and 5.0 ppm, representing tertiary hydrogen atoms adjacent to the newly formed ester groups. 23, 24 The peaks corresponding to hydrogen bonded to carbons adjacent to the ester overlap with the peaks from the hydrogen attached to the carbon adjacent to OH (indicated as peak 3). With the exception of the sample with a ratio of 0.3 : 1 as shown in Fig. 1(b) , the spectra for all other samples indicated that the residual epoxy groups disappeared. Once the ratio of carboxyl group to epoxy group increased to 0.5 : 1 the epoxy groups underwent complete ring-opening. GPC chromatograms of polyols with different ratios of carboxyl to epoxy groups are presented in Fig. 2 . Compared with the peaks for ESBO and COFA, which were the starting materials, the peaks of the polyols shifted to shorter retention times and became broadened, indicating increasing molecular weights. As the ratios of carboxyl to epoxy groups increased from 0.3 : 1 to 0.5 : 1, the left peak shifted to shorter retention time, indicating larger molecular weight caused by higher cross-linking levels. It indicates that at a ratio of 0.3 : 1, COFA did not provide sufficient functional groups to facilitate ring opening in ESBO while as the ratio of carboxyl to epoxy groups increased, more epoxy groups were ring opened by fatty acid, which also attached to ESBO. The 1 H-NMR results with different ratios of carboxyl to epoxy groups also confirmed this conclusion. However, as the ratio continued to increase from 0.5 : 1 to 0.7 : 1 and 0.9 : 1, the GPC curves indicated unreacted COFA, because the combined number of carboxyl and hydroxyl groups was in excess of the epoxy groups for a complete reaction. It is notable that at a ratio of 0.5 : 1, the epoxy groups were totally ring opened and COFA were also completely consumed, which indicates the function groups reacted with an appropriate ratio. Considering there is another one OH group in COFA, which the number was almost identical with carboxyl. It is deduced that the OH groups in COFA, as well as newly formed OH in epoxides, were also involved in the ring opening reaction and possibly connected two ESBO molecules, 25, 26 leading to increasing molecular weight. During the reaction, the carboxyl groups also acted as acid catalysts. As ratio increased from 0.5 : 1 to 0.7 : 1 and 0.9 : 1, more carboxyl in COFA connected to ESBO, reducing the degree of connection of polyols caused by ring opening reaction by OH groups in COFA and newly formed OH in epoxides, which decreased the molecular weight. That is why the molecular weight of polyols with a ratio of 0.9 : 1 was lower than that with a ratio of 0.5 : 1 as shown in Fig. 2 . Therefore, a ratio of 0.5 : 1 was selected for the subsequent preparation of green, highlycrosslinked, and 100% bio-based polyols for further investigations. Other than SCP, two other polyols with similar OH numbers (castor oil and MSOL), were selected to prepare PUs for thermal/mechanical property comparisons. The MSOL was prepared following the procedure described by Guo and co-workers. 13 Table 1 summarizes the properties of all polyols studied. The acid numbers in Table 1 indicate that the carbonyl groups in COFA were totally consumed in SCP_0.5, which is consistent with the GPC results. Both viscosity and molecular weight values indicate that the fatty acid attached to the ESBO long chains and polyols exhibited a higher degree of cross-linking.
Polyurethane properties
Thermal properties Fig. 3 shows storage modulus and loss factor as functions of temperature for PU films in the temperature range of −35 to 120 °C. With increasing temperature, all films showed a similar trend. In detail, with temperature increasing from −35 °C, EÊ¹ slightly decreased and once −10 °C was reached, a rapid decrease in EÊ¹ was observed. A rubbery plateau for the storage modulus was observed in every curve in the higher temperature range of the tests and a peak maximum was observed in the tan δ versus temperature curves (α relaxation), which is taken as the glass transition temperature (T g ). All films show one tan δ peak, indicating the homogeneous nature of the polyurethane films. Moreover, the decreasing height of the tan δ peaks indicates increasing cross-linking densities for the films. 23, 27 As the cross-linking densities increases, molecular motions of polymer chains become more restricted and the amount of energy that can be dissipated throughout the polymers decreases dramatically, therefore, the tan δ peak shifts to a higher temperature and the (tan δ) max decreases. 27, 28 The higher T g for PUs from SCP_0.5 shown in Table 2 can be explained by higher cross linking densities restricting the polymer chain motion. Table 2 summarizes their T g data. Neither melting nor crystallization transitions were observed in the DSC curves, indicating the amorphous nature of these PUs. Each curve exhibits two T g s, corresponding to the hard and soft segments of the obtained PUs, respectively. The three T g s related to the hard segments were almost identical, which can be explained by a similar number of OH and urethane groups. However, PUs based on SCP_0.5 exhibited a higher T g corresponding to their soft segment, while castor oil-based PUs exhibited the lowest T g , due to higher cross linking of SCP_0.5, which was deduced in previous discussion. The difference between the T g values obtained from DSC and DMA tests is caused by the nature of these two methods. DSC measures the change in heat capacity from frozen to unfrozen chains, while DMA measures the change in the mechanical response of the polymer chains. 5 shows TGA weight loss and weight loss derivative curves in nitrogen for polyurethane films. The degradation of polyurethanes observed at temperatures between 200 °C and 300 °C can be attributed to the decomposition of labile urethane groups. Degradation observed in the temperature range from 300 °C to 450 °C resulted from chain scission in the soybean oil. Because these three polyols used to produce the three polyurethanes had similar OH numbers, which determines the amounts of urethane bonds, the weight losses observed in the temperature range from 200 °C to 300 °C, which were caused by dissociation of urethane bonds, did not differ significantly. In the second decomposition stage (temperature range from 300 °C to 450 °C), the PUs based on SCP_0.5 exhibited higher thermal resistance than those based on MSOL because they had higher levels of ester cross-linking between the polyols. Also, the higher molecular weight of PUs based on MSOL resulted in higher thermal resistance than in PUs based on CO. Table 2 shows that 50% degradation (T 50 ) occurred at 349 °C, 343 °C, and 331 °C, respectively for the three PUs investigated; at 357 °C, 351 °C, and 326 °C, respectively a second T max was detected. TGA curves of PUs in nitrogen indicated that all PUs decomposed above 450 °C, because no further reactions in nitrogen were observed at higher temperatures. 
Mechanical properties
The tensile stress-strain curves for PUs based on CO, MSOL, and SCP_0.5 are shown in Fig. 6 . Table 2 summarizes Young's moduli, tensile strength, elongation at break, and toughness of the polyurethane films investigated. PUs based on SCP_0.5 exhibited higher tensile strength (11.6 MPa) and a higher Young's modulus (5.8 MPa) than the PUs based on MSOL and CO. However, polyurethanes based on SCP_0.5 showed a lower value for elongation at break (232.7%) than the films based on MSOL and CO because of the higher cross-linking density of their starting polyols.
Fig. 6
Stress-strain curves of PU films based on CO, MSOL, and SCP_0.5. Table 2 shows that the toughness of the polyurethane films based on SCP_0.5 is much higher than the toughness of PU films based on MSOL and CO. Generally, higher cross-linking density imparts higher tensile strength; however, it also causes lower elongation at break values. Therefore, flexible fatty acid chains together with high cross-linking density in the PU films based on SCP_0.5 yielded the highest toughness values.
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Conclusions
A solvent-free/catalyst-free method for preparing soy-castor oil based polyols for PU production was developed. When the ratio of carboxyl to epoxy groups exceeded 0.5 : 1, the epoxy groups in ESBO and the carboxyl groups in COFA were totally consumed. The carboxyl groups also acted as catalysts, resulting in ring opening of the epoxies by OH groups in COFA and newly formed OH groups. The properties of PU films based on this novel polyol were compared to the properties of PU films based on two other established pathways using CO and MSOL, respectively. The comparison showed that PU films based on this novel polyol exhibited higher thermal and mechanical properties, including higher T g s, tensile strength, and Young's modulus and better thermal stability because of the higher cross-linking density of this novel polyol. The technique reported here offers a number of advantages, including low cost, easy performance, solvent-free/catalyst-free, and 100% bio-based content, opening any number of opportunities for this environmentally-friendly, green polyol in the polyurethane industries.
